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Abstract 
Special attention has been given to the separation and recovery of VII-group elements, Tc and Re, in relation to the partitioning of high-level 
liquid waste (HLLW) generated from the nuclear fuel reprocessing process. In this study, a tertiary amine (tri-n-octylamine, TOA), which is 
effective for the extraction of oxoanions, was encapsulated in Ca and H-types of alginate xerogel polymers (CaALG, HALG). The uptake 
behaviors of TcO4- and ReO4- (substitute of Tc) in the presence of HNO3 were examined by batch method using TOA-xerogel microcapsules 
(TOA-CaALG, TOA-HALG). The uptake of TcO4- in the presence of 0.1 M HNO3 was readily attained within 5 h, and a relatively large 
uptake(%) above 90% was obtained. The uptake(%) of Re(VII) for TOA-CaALG in the presence of 0.01̚0.1 M HNO3 was estimated to be 
about 90%, while gradually decreasing with HNO3 concentration, indicating that the extraction of HNO3 with TOA became dominant in this 
process: R3NH+NO3- (o) + ReO4- (aq)  ļ  R3NH+ReO4- (o) + NO3- (aq). The order of the uptake(%) for different oxoanions in the presence of 
0.01~5 M HNO3 was Re(VII) > Zr(IV)> Se(VI) > Mo(VI) > Te(VI). The elution study of Tc(VII) revealed 95% and 99% of recovery with 5 
M and 7 M HNO3, respectively. The chromatographic separation of Re(VII) from simulated HLLW (28 components of waste solution, SW-
11E, JAEA) as well as from mixed solution was accomplished by the stepwise elution techniques using a column packed with TOA-MCs. 
The Re(VII) ions were effectively eluted with 5 M HNO3, and a relatively large recovery(%) of 98.60% was obtained. Other elements were 
eluted with H2O and 2 M HNO3. Thus the TOA-xerogel microcapsules are effective for the selective separation of Tc(VII) from HLLW. 
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1. Introduction 
The selective separation and recovery of oxoanions (such as Re(VII), Tc(VII) etc.) from high-level liquid 
waste (HLLW) have gained tremendous momentum from the standpoint of effective utilization of these elements, 
conversion of waste to valuable resources, scarcity of the elements in nature and rationalization of HLLW 
treatment and disposal[1], [2], [3].  Amines have been widely used as the extractants for the uptake of oxonium 
anions [4], [5]. The efficiency of metal extraction by amines decreases as follows: quaternary > tertiary > 
secondary > primary, when metal ion complexes are extracted under the same conditions. Tertiary amines have 
found wide application in practical extraction systems [4], [5]. In order to utilize amines having high affinity for 
oxonium anions, the microencapsulation with alginate gel polymers seems to be one of the most prominent 
techniques for the practical column operation [6]a[10].  Microencapsulation is a unique technique for enclosing 
active reagents in porous polymeric matrices. Alginic acid is a biopolymer consisting of mannuronic acid and 
guluronic acid and occurs in the marine product brown algae [11], [12]. Alginate is the salt of alginic acid having 
carboxyl groups capable of forming gels by ion-exchange reaction with multivalent metal ions. This immobilizing 
property of alginate has led to its extensive applications. In this study, we have attempted to encapsulate tri-n-
octylamine, a tertiary amine extractant, into the porous alginate xerogel polymers for the selective removal of 
Re(VII) and Tc(VII). Re(VII) ions (ReO4-) were used as a substitute for Tc(VII) ions (TcO4-) as ReO4- ions are 
chemical analogs of TcO4-  ions.  The present paper considers the preparation of TOA-xerogel microcapsules, 
surface morphology and irradiation stability study of the TOA-MCs, uptake properties of Re(VII), Tc(VII) and 
other oxoanions (Se(VI), Zr(IV), Te(VI), and Mo(VI)), elution properties of Re(VII) and Tc(VII) ions from 
mixed solution as well as the stepwise chromatographic separation of Re(VII) in simulated high-level liquid 
waste for the column packed with TOA-MCs. 
 
2. Experimental 
2.1. Materials 
The organic extractant tri-n-octylamine (TOA, tertiary amine) and sodium alginate (NaALG, viscosity of 500-
600 cP) were purchased from Wako Pure Chemicals Ind. Ltd. Dropping Needles (27g x 3/4, 0.40 x 19 mm) were 
supplied by Terumo Medical Corporation. The Re(VII) and Te(VI) were procured from Kanto Chemical Co. The 
Mo(VI), Zr(IV), and Se(VI) were supplied by Wako Pure Chemicals Ind. Ltd. The oxoanions of ReO4-, ZrO32-, 
MoO42-, SeO42-, and TeO42- ions were obtained by diluting the standard solutions. Here, Re(VII) ions (ReO4-) 
were used as a substitute for Tc(VII) ions (TcO4-) as ReO4- ions are chemical analogs of TcO4- ions. The RI 
solution of 99Tc(VII)(TcO4-) was obtained by diluting the original solution (NH499TcO4, 1.37×107 Bq, JRIA). 
Simulated high-level liquid waste (SHLLW, 28 component solution, SW-11E, JAEA) was obtained from 
KAKEN Co., Ltd. Other chemicals were reagent-grade and supplied by Wako Pure Chemicals Ind. Ltd. 
 
 
 
 
Fig. 1. Chemical structure of tri-n-octylamine (TOA) extractant. 
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z C
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Table 1. Chemical composition of SHLLW 
 
 
 
 
 
 
 
 
2.2. Preparation of microcapsules (MCs) 
Sodium alginate (NaALG) solution (50 cm3, 1.5 wt%) was kneaded with 1 g of TOA. The well-kneaded sol 
was injected dropwise into 0.5 M Ca(NO3)2 solution using a syringe needle with constant stirring at room 
temperature to form hydrogel microcapsules. The MCs were stirred gently in the solution for 3 hours and allowed 
to stand for about 12 hours to enhance the aging. The MCs were then separated from the Ca(NO3)2 solution, 
washed with distilled water and spread gently on a laboratory tray. The MCs were dried at room temperature for 3 
hours and finally dried at 30°C for 2 days. The TOA-CaALG xerogel MCs were further shaken with 0.1 M HNO3 
for 24 hours to form hydrogen type TOA-HALG xerogel MCs.  
2.3. Characterization 
The surface morphology and physicochemical properties of the TOA-MCs were observed by a scanning 
electron microscope (SEM, Hitachi, TM-1000) and digital microscope (DM, HiROX, KH-1300). The 
incorporation and distribution of oxoanions into MCs were studied by energy dispersive spectroscopy (EDS, 
SwiftED-TM, Hitachi, TM-1000) and electron probe microanalysis (EPMA, JEOL, JXA-8200WD/ED). The 
radiation stability of TOA-MCs was examined by Ȗ-ray irradiation at 4.6 and 17.6 kGy using a 60Co-source (60Co 
irradiation facility, Tohoku University). 
2.4. Determination of distribution coefficient (Kd) 
The uptake and distribution of Re(VII), Zr(IV), Mo(VI), Se(VI), and Te(VI) ions for TOA-MCs from HNO3 
solution were examined by the batch method. An aqueous solution (5 cm3), 10 ppm of each metal ion solution, 
was placed into contact with 50 mg of TOA-MCs at 25±1°C up to 24 hours, which was sufficient for attaining 
equilibrium. The concentrations of these metal ions were measured by ICP-AES (SII, SPS 7800). The uptake 
percentage (R, %) and the distribution coefficient (Kd, cm3/g) are defined as:  
 
                            R= (C0 - Ct)/C0 × 100,  (%)                             (1) 
                           Kd= ((C0 - Cf)/Cf) × V/m,  (cm3/g)                             (2) 
 
(SHLLW, 28 components, SW-11E, JAEA)
Element Concentration (M) Element Concentration (M)
H+ 2.5 Rh 3.39 u 103
Na 0.981 Pd 8.66 u 103
P 1.27 u 102 Ag 3.45 u 104
Fe 7.77 u 102 Cd 4.67 u 104
Cr 3.95 u 103 Sn 3.32 u 104
Ni 9.37 u 103 Se 5.41 u 104
Rb 3.64 u 103 Te 3.57 u 103
Cs 1.61 u 102 Y 4.87 u 103
Sr 8.78 u 103 La 7.92 u 103
Ba 9.72 u 103 Ce 5.89 u 102
Zr 3.61 u 102 Pr 7.46 u 103
Mo 3.06 u 102 Nd 2.50 u 102
Re 4.70 u 103 Sm 5.10 u 103
Ru 1.69 u 102 Eu 7.96 u 104
Gd 3.86 u 104
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Where C0, Ct and Cf are the concentration of metal ions initially, at time t and at equilibrium, respectively; m 
(g) is the weight of MCs; V (cm3) is the volume of the aqueous phase. 
To evaluate the Kd of Tc(VII), uptake experiments were performed using the batch method. A total of 15 kBq 
of ammonium pertechnetate, NH499TcO4, dissolved in the desired concentration of HNO3 solution was prepared 
by adding NH499TcO4 aqueous solution into the HNO3 solution. A total of 50 mg of TOA-MCs microcapsules 
was added to 5 cm3 of NH499TcO4-HNO3 solution. The Tc(VII) solution with TOA-MCs was shaken for 0.5~24 h 
at 25°C. The ȕ activity of 99Tc was then measured by a liquid scintillation counter (LSC-5100, Aloka Co., Ltd.). 
Here, 16 cm3 of scintillation cocktail (Lumage1 Plus Universa1 LSC cocktail, Lumac) was mixed with 0.1 cm3 of 
the sample solution. The Kd value was calculated by comparing the scintillation counts of Tc(VII) solution 
samples before and after adding the MCs. 
2.5. Column preparation, characterization and elution behavior 
The column was prepared, in the case of mixture solution of Re(VII), Se(VI), Zr(IV), Te(VI) and Mo(VI), by 
packing about 700 mg of the TOA-MCs in a glass column (5 mm׋×200 mm long) with a thermostatic water 
jacket. Every 80 drops of the effluent were fractionated, and the concentration was determined by ICP-AES. For 
the chromatographic separation, 200 Pg of Re(VII), Se(VI), Zr(IV), Te(VI) and Mo(VI) ions were loaded onto the 
upper part of the column. The elution study was accomplished using different concentrations of HNO3. And in the 
case of SHLLW, the column was prepared by packing 2 g of TOA-MCs in a glass column (5 mmĭ and 300 mm 
long) with a thermostatic water jacket (25±1°C). SHLLW (0.5 cm3) was added on the upper part of the MCs 
packed column and left for 1 night.  The stepwise chromatographic elution was studied using H2O and different 
concentrations of HNO3. The flow rate was 0.25 ~ 0.28 cm3/min. Every 5 cm3 of the effluent was fractionated, 
and the ions concentration was determined by ICP-AES ((SII, SPS 7800) and AAS (Thermo Fisher Scientific 
K.K., AA-890)). Elution curves were obtained by plotting the elution percentage (Elution, %) against the eluent 
volume. The elution percentage is defined as the ratio of the eluted ions in each fraction to the initial amount 
loaded on the column.  
3. Results and discussion 
3.1. Surface morphology and Irradiation stability 
The surface morphology of TOA-MCs was similar to that of other amine MCs. The MCs are spherical, elastic 
granules, and porous. The SEM images of the surface of TOA-MCs and schematic view are shown in Fig 2(a), 
(b), and (c). The diameter of spherical TOA-MCs was estimated to be 0.73 mm (730 Pm). On the surface of the 
MCs, oil droplets of TOA extractant (a10 Pm) are seen to be encapsulated. Some creases were observed on the 
surface of the TOA-MCs. The structure of CaALG gel matrices is composed of crosslinked polymer networks 
with an ionic bond of Ca2+ and carboxyl groups [13]. 
 
 
 
  
 
 
 
 
Fig. 2. (a) SEM images of TOA-MCs (TOA-MCs, u 150).  (b) u 3000.   (c) Schematic view of the cross section of TOA-MCs 
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TOA-MCs were irradiated with 60Co-Ȗ rays. There was no significant change over the surface of the irradiated 
TOA-MCs after irradiation at 4.6 and 17.6 kGy with 60Co-Ȗ rays.   And no appreciable change was observed in 
the distribution coefficient (Kd) values of Re(VII) with TOA-MCs after irradiation.  The irradiation stability 
suggests that the TOA-MCs can be used in the separation process of Tc(VII). 
 
  
 
 
 
 
Fig. 3. (a), (b), and (c) SEM images of TOA-MCs (u 1000) before and after irradiation.   (d) Kd value of Re(VII) with TOA-MCs after 
irradiation. [ V/m : 100 cm3/g; [ReO4-] : 10 ppm; [HNO3] : 0.1 M; 25°C; 24 h ] 
3.2. Uptake (%) of oxoanions and HNO3 concentration  
The uptake (%) of Tc(VII) ions was studied in the presence of 0.1 M HNO3 (Fig. 4). The result reveals that 
Tc(VII) ions  have strong affinity towards TOA-MCs. The uptake (%) was above 90% at 0.1 M HNO3 and the 
equilibrium was attained within 5 hours. The uptake properties of oxoanions (Re(VII), Zr(IV), Se(VI), Mo(VI), 
and Te(VI)) for TOA-MCs were examined at different concentrations (0.01 a 5 M) of HNO3 (Fig. 5). The order 
of the uptake (%) for different oxoanions in the presence of 0.01~5 M HNO3 was Re(VII) > Zr(IV)> Se(VI)  > 
Mo(VI)> Te(VI).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
The uptake (%) of Re(VII) in the presence of 0.01̚0.1 M HNO3 was estimated to be about 90%, while 
gradually decreasing with HNO3 concentration, indicating that the extraction of HNO3 with TOA became 
dominant in this process. This indicates that at lower HNO3 concentrations, the uptake of Re(VII) for MCs is 
governed by the solvent extraction of perrhenic acid with TOA (Eq. 3). In contrast, the uptake (%) of Re(VII) 
tended to gradually decrease above 0.1 M HNO3. This may be due to the effect of related reactions including 
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Fig. 4. Uptake (%) of Tc(VII) ). [V/m: 100 cm3/g; 99Tc activity: 
15 kBq; [HNO3]: 0.1 M; 24 h; 25°C]. 
Fig. 5. Uptake (%) of oxoanions (Re(VII), Zr(IV), Se(VI), Mo(VI), 
and Te(VI)) in HNO3. [oxoanions: 10 ppm; V/m: 100 cm3/g; 24 h ; 
25°C] 
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solvent extraction (Eq. 4) and ion exchange (Eq. 5), indicating that nitric acid extraction with TOA became 
dominant in this process and that the forward reaction of Eq. (5) was restricted at higher HNO3 concentrations. 
 
 
 
 
 
 
 
3.3. Uptake of Tc(VII) and Re(VII) 
The uptake (%) of Tc(VII) and Re(VII) ions for TOA-MCs was examined in the presence of 1 M HNO3 using 
the batch method (Fig. 6). The uptake equilibrium of Tc(VII) was attained within 5 h and relatively large uptake 
of Tc(VII) above 80% was obtained in the presence of 1 M HNO3. As for the uptake of Re(VII), the uptake (%) 
was lower than that of Tc(VII), due to the difference in the concentration of Tc(VII) and Re(VII); [Tc(VII)]: 
carrier free (< 10-8 M), [Re(VII)]: 10 ppm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Effect of agitation duration on the uptake (%) of Tc(VII) and Re(VII) [V/m: 100 cm3/g; 99Tc activity: 15 kBq; 
 [HNO3]: 1 M; 25°C] 
3.4. Elution of Re(VII) from mixture solution (oxoanions) 
The chromatographic separation of Re(VII) and other oxoanions (Zr(IV), Se(VI), Mo(VI), and Te(VI)) was 
studied from mixed solution (ReO4-, ZrO32-, MoO42-, SeO42-, and TeO42-) using a column packed with TOA-MCs. 
The sequential elution chromatography was conducted by changing the eluent concentration of 0.5 M and 3 M 
HNO3 (Fig. 7). It was observed that Se(VI), Mo(VI), Zr(IV), and Te(VI) ions were immediately eluted with 0.5 
M HNO3. The Re(VII) ions were eluted with 3 M HNO3 and recovery (%) of 60.42% was obtained. Thus the 
adsorbed Re(VII) ions can be eluted by stepwise elution from mixed solution. The retention volume (VR) of 
Re(VII) was calculated as 104 cm3. Table (2) shows the elution (%) of oxoanions. 
 
R3N(o) + H+ + ReO4-(aq) ч R3NH+ReO4-(o)   (3)  
 
R3N(o) + H+ + NO3-(aq) ч R3NH+NO3-(o)   (4) 
 
R3NH+NO3-(o) + 2ReO4- (aq) ч R3NH+ReO4-(o) + NO3-(aq) (5)㻌
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Fig. 7.  Chromatographic separation of Re(VII) and other oxoanions. [TOA-MCs: 0.7 g; each oxoanion: 200 Pg; eluent: 0.5 M HNO3 and 3 M 
HNO3; flow rate: 0.23 cm3/min: 25°C] 
Table 2. Elution (%) of Re(VII) and other oxoanions 
 Re(VII) Zr(IV) Se(VI) Te(VI) Mo(VI) 
Elution (%) 60.42 50.02 100 86.94 100 
3.5. Elution of Tc(VII) 
A column was packed with TOA-MCs. The Tc(VII) ions were loaded in the column. The recovery of Tc(VII) 
was studied with the 5 M and 7 M HNO3 solution (Fig. 8). It was found that, Tc(VII) ions were effectively eluted 
with both eluent solutions, and large recovery (%) of 95% and 99% was obtained, respectively. The elution 
parameters were enhanced by increasing the HNO3 concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.  Chromatographic separation of Tc(VII). [TOA-MCs: 1.5 g; 99Tc activity: 15 kBq; eluent; 5M and 7 M HNO3;  
flow rate: 0.22 cm3/min; fraction: 2.5 cm3; 25°C] 
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3.6. Chromatographic separation (stepwise) of Re(VII) in SHLLW 
The chromatographic separation of Re(VII) from simulated HLLW was accomplished several times by the 
stepwise elution techniques using the column packed with TOA-CaALG MCs (Fig. 9, 10, 11 and 12). In the first 
(Fig. 10) and second (Fig. 11) chromatographic experiment, the Re(VII) ions were eluted by 3 M HNO3 and 5M 
HNO3 with recovery (%) of 85% and 96%, respectively. In contrast, precipitate components of Zr, Se and Mo 
were also detected. To accomplish the effective separation, the stepwise chromatographic experiment was further 
performed (Fig. 12) with H2O, 2 M HNO3 and 5 M HNO3 for the enhancement of the resolution of the Re(VII) 
and minimization of the elution of the other elements in the concentration of  5 M HNO3. 
 
 
 
 
 
 
 
 
 
Fig. 9. Chromatographic separation of Re(VII) in SHLLW with eluent of H2O and 3 M HNO3. 
 
 
 
 
 
 
 
 
 
Fig. 10. Chromatographic separation of Re(VII) in SHLLW with eluent of  H2O, 1 M HNO3 and 5 M HNO3. 
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The Re(VII) ions were effectively eluted with 5M HNO3, and a relatively large recovery (%) of 98.60% was 
obtained (C step). As for the other elements, almost all the elements were initially eluted by H2O (A step). By 
using 2 M HNO3, Group-3,4,5 and lanthanoid elements were eluted (B step, Fig. 12, 13). The retention volume 
(VR), for Re(VII) ions elution, was also calculated for each experiment (Table 3). 
 
 
 
 
 
 
 
 
 
Fig. 11.  Chromatographic separation of Re(VII) in SHLLW with eluent of H2O, 2 M HNO3 and 5 M HNO3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Chromatographic separation of lanthanoids in SHLLW. 
Table 3. Elution (%) and VR values for Re(VII) separation using TOA-MCs from SHLLW in the chromatographic study. 
 
 
 Stepwise eluent Element Elution (%) Retention volume (VR) 
1st experiment (Fig. 10) H2O, 3 M HNO3  
Re 
85.01 73.81 
2nd experiment (Fig. 11) H2O, 1 M, 5 M HNO3 96.98 73.01 
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4. Conclusions 
The organic extractant, tri-n-octylamine, which is effective for the separation of oxoanions, was 
microencapsulated by the sol-gel method using alginate xerogel polymer matrices. The spherical and highly 
porous TOA-MCs were irradiated with 60Co-Ȗ rays up to 17.6 kGy. There was no significant change in the surface 
of the irradiated TOA-MCs and in the distribution coefficient (Kd) values of Re(VII) after irradiation. The uptake 
behaviors of TcO4- and ReO4- (Re was the substitute of Tc, as ReO4- ions are chemical analogs of TcO4- ions) in 
the presence of HNO3 were examined. The TcO4- ions have strong affinity towards (uptake (%) was above 90%) 
TOA-MCs in the presence of 0.1 M HNO3 and the equilibrium was attained within 5 hours. The uptake (%) of 
Re(VII) in the presence of 0.01̚0.1 M HNO3 was estimated to be about 90%, while gradually decreasing with 
HNO3 concentration.  The order of the uptake (%) for different oxoanions in the presence of 0.01~5 M HNO3 was 
Re(VII) > Zr(IV)> Se(VI)  > Mo(VI)> Te(VI). These indicate the high selectivity of TOA-MCs towards Re(VII) 
ions. The recovery of Tc(VII) was studied and revealed the large recovery (%) of 95% and 99% with 5 M and 7 
M HNO3, respectively. The stepwise chromatographic separation of Re(VII) ions was performed several times by 
HNO3 from mixed solution and simulated HLLW using a TOA-MCs packed column. The uptake and elution 
behavior of Tc(VII)  and Re (VII) ions was almost similar. The Re(VII) ions were successfully  eluted with 5 M 
HNO3  and a relatively large recovery (%) of 98.60% was obtained. Thus, TOA xerogel MCs are effective for the 
separation of Re(VII) and Tc(VII) ions from radioactive waste solutions.  
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